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Introduction
The oxygen reduction reaction (ORR) is a cornerstone process in electrochemistry and sustainable energy technologies. It is a complex reaction that includes several steps and different possible intermediates species. Then, after decades of research, the reaction still occurs with large energy losses and molecular details of the mechanism are rather unknown, even on platinum, the best pure metal electrocatalyst [1] [2] [3] [4] [5] [6] [7] [8] . In this case, it is known that oxygen mainly reduces to water both in acid and alkaline solutions, apparently along two parallel pathways [1, 9, 10, [11] [12] [13] [14] [15] [16] . A direct route, without detection of intermediates species, Eqn. (1) , and a consecutive, serial path, with hydrogen peroxide as intermediate, Eqn. (2) , that undergoes a further reduction [14] [15] [16] [17] . Production of adsorbed HO 2  , HO 2,ads , or superoxide, O 2,ads -, radicals during the ORR has been already reported to occur at Pt(111) [18] [19] [20] [21] [22] , and polycrystalline Pt, Pt(poly), electrodes [23] [24] [25] . with n, the total number of transferred electrons; n a , the number of transferred electrons in the RDS (usually one); F, the Faraday's constant; A, the electrode geometric area; C 0 O and D the solubility and the diffusivity coefficient of the reactant in the electrolyte, respectively; α, the transfer coefficient; R, the ideal gas constant and T the temperature.
Currents in LSVs independent of v at scan rates faster than a certain threshold value are called "kinetic currents" and indicate that the electrochemical reaction is controlled by a chemical process instead of a charge transfer [28, 31] . The dynamics appears at scan rates with an equivalent characteristic time, τ v , (i.e. the time during which a stable electroactive species can communicate with the electrode [26] ) shorter than the magnitude of the time scale of the chemical reaction [28, 31, 33, 34] . Hence, reported levelling of reduction currents at fast scan rates during the ORR at Pt surfaces would indicated the existence of a chemical step between two charge transfers.
The presence of a chemical reaction between two charge transfers during the ORR has also been suggested by studies at nanostructured Pt electrodes that indicate a significant effect of mass transfer conditions upon the final product distribution [37] [38] [39] [40] [41] [42] . Apparently, the masstransport enhancement at nanoparticles [26, 39, 42] induces a decrease in the effective number of transferred electrons, n eff , from 4 to 2, and a parallel increase in the amount of H 2 O 2 detected, as the size of Pt nanoparticles decreases [37] [38] [39] [40] [41] [42] . However, under those conditions, the increase in the H 2 O 2 production does not undoubtedly imply the existence of a chemical reaction. Stronger adsorption of oxygen containing species at NPs [43, 44] , or the presence of solution impurities in the electrolyte [14, 15, [45] [46] [47] [48] could also account for the change in the measured product distribution.
In this work, following our previous study [17] , the ORR on Pt(poly) is investigated at different time scales at stationary electrodes and RDEs, to gain information about the reaction mechanism. Within this goal, LSVs are qualitatively analyzed by plotting experimental j p ORR 's in terms of the current function, Ψ, Eqn. (8) [26] [27] [28] [29] [30] [31] [32] [33] [34] [49] [50] [51] [52] [53] [54] , at different v´s, and resulting curves are compared to classical diagnostic criteria for typical mechanisms involving kinetic complications already reported [26] [27] [28] [29] [30] [31] [32] [33] [34] [49] [50] [51] [52] [53] [54] , and equivalent data from digital simulations.
Notice that at j = j p , Ψ p from this equation is nothing else but the value of the proportionality constant in Eqns. (7) , multiplied by in the case of irreversible electrochemical reactions.
Results expose the existence of two chemical steps in the main ORR route on Pt surfaces in acid at high potentials, one before and one after the first charge transfer, shedding light over initial mechanistic details of the reaction. Though, contrary to what has been already suggested, results also support the production of a soluble species in the first chemical step, different to H 2 O 2 , but that later may convert to H 2 O 2 , either in a subsequent or a parallel reaction, or simultaneously through both reaction schemes. Thus, first steps in the ORR mechanism would follow a CECE/DISP scheme and comprise both inner-and outer-sphere reactions [17] . Inside these results, plausible mechanisms are proposed and the implications in current strategies for designing ORR electrocatalysts and improving the durability of cathode catalyst layers of fuel cells are discussed.
Experimental Section
Electrochemical measurements were conducted at room temperature (RT), ~22 °C, in a two-compartment, three electrodes, all-glass cell, using an Autolab (Nova) potentiostat/galvanostat equipped with an interchangeable rotating platinum disk electrode setup (Pine Instruments). Suprapure perchloric acid (Merck) was used to prepare aqueous solutions in ultrapure water (Purelab Ultra, Elga-Vivendi). O 2 and Ar (N50, Air Liquid) were also employed. All potentials were measured against the Reversible Hydrogen Electrode (RHE) and a large, flame cleaned, Pt wire coil was used as a counter electrode. was obtained between 0.05 and 1.15 V after the treatment, similar to the one given in Figure   S1B . The electrode roughness factor, i.e. the ratio between the electrochemical active surface area and the geometric area of the electrode, was between ~1.2 and 1.3, calculated from the CV in Ar-saturated 0.1 M HClO 4 solutions and by considering one adsorbed monolayer being equal to ~0.200 mC cm -2 [55, 56] .
Besides, because transient experiments are very sensitive to initial conditions [17] , a conditioning program before each experiment, similar to previous studies [17, 57, 58] , was applied to the electrode in order to get quantifiable and reproducible data. The procedure is given in Figure S1A , and it comprised sweeping the electrode between 1. In situ iR drop corrections were made to compensate the electrolyte resistance when necessary [26] , and the quality of the iR compensation was assessed by following the position of the characteristic peaks corresponding to the hydrogen adsorption/desorption in the CVs.
It is known that the position of these peaks is practically constant up to scan rates as high as 10 V s -1 [59] . Initially, the value of the uncompensated resistance, R u , was determined by using a current interruption procedure at each v in O 2 free solutions. Then, the value was refined by employing the positive feedback procedure and taking CVs at increasing values of R u until the current signal began to oscillate, in an iterative, trial-and-error approach.
During measurements, the compensated resistance was usually set to about 85-95% of the estimated value of R u (the value of R u just before the systems began to oscillate, ~10 < R u < For mathematical simplicity, model simulations at RDEs consider diffusion equations based on the Nernst model and the resulting system was solved numerically for describing LSVs [60] [61] [62] [63] [64] . Under this model, all transient processes are assumed to take place within a thin layer bonded to the electrode surface, the Nernst diffusion layer, with a thickness δ diff .
Outside this layer, a fixed concentration for all species is assumed: C (x = δ diff ) = 0 for all products, and C (x = δ diff ) = C 0 O for the reactant. The thickness of the steady-state diffusion layer at any rotation rate was calculated by employing the Levich approximation [26, 65] , and it is given by (9) = 1.612 1 3
where is the kinematic viscosity of the electrolyte, which for 0.1 M HClO 4 it has a value ʋ of = 0.01009 cm 2 s -1 [45] ). ʋ
Simulations have been performed with successive mesh refinement until no appreciable changes in the LSVs were calculated. Additionally, because of the existence of thin reaction layers close to the electrode surface when including chemical reaction into the mechanism [66] , two unequal intervals were employed to describe the geometry of the system, each one simulated with a different mesh size. The first interval, adjacent to the electrode surface had the smallest grid, and goes from x = 0 to x = 10 m, while the second one comprises the length from x = 10 m to x = δ diff , to guarantee the precise resolution of the phenomena close to the surface. Besides, for improving convergence, the Jacobian was updated on every iteration, the maximum number of iterations increased until 25 and a tolerance factor of at least 0.1 set (for a minimum relative tolerance of 0.001), when necessary. Details regarding the mathematical structure of the model, as well as employed boundary conditions are given as supporting information. In addition, data related to the implementation of the model in COMSOL Multiphysics 5.1 are also provided.
The induced error by considering the Nernst model instead of rigorously solving the convective-diffusive equations has been already calculated and reported to be not greater than 4%, when peak currents in LSVs of single reversible, irreversible, or quasi-reversible electron transfers are estimated at RDEs [67] . In addition, as reported previously [17] , simulated curves at stationary and RDE electrodes for all analyzed mechanisms superimpose if all participating species have equal diffusion coefficients, supporting the idea regarding a low induced error by applying the Nernst model for describing transient curves at RDEs. 
Results and Discussion
Once the cleaning procedure was performed, the electrode was characterized in Arsaturated 0.1 M HClO 4 , and then the solution was saturated with O 2 . Next, right after applying the conditioning procedure for each scan rate, cyclic voltammograms (CVs) at different scan rates at stationary electrodes and RDEs were taken. In these experiments, the upper limit potential, E up , was set to 1.15 V, a value that guarantees a constant electrochemical surface active area (ECSA) [56, 68] , and a surface coverage only composed by OH ads and/or O ads , instead of a true oxide phase [68] , as it has been previously discussed [17] . From polarization curves at different ω, and the plot of j lim vs. ω ½ (a Levich plot), as it is seen in Figure S3 , the ORR at Pt(poly) follows Eqns. Differences at low (E < 0.35 V) and high potentials (E > 0.7 V) between direct and reverse scans in Fig. S3 are typical of the ORR at Pt surfaces [9] [10] [11] 20, 45, 57] . At E < 0.35 V, the difference appears due to the adsorption/desorption of hydrogen in this region (nonbackground subtracted CVs), besides the parallel detection of H 2 O 2 . Because of that, it has been classically assumed that H ads either inhibits the O -O bond scission, or blocks reactive surface sites [14, 15, 18, 45] . Recently, it has been shown that this inhibition of H 2 O 2 reduction can be better explained by considering the interface water reorganization and the potential of zero free charge of the metal surface [76] . At E > 0.7 V, differences between positive-and negative-going scans are typically explained in terms of different ORR mechanisms in oxidefree and oxide-covered Pt surfaces [9] [10] [11] 45] . The lower ORR activity in the negative-going scan, relative to the positive-going direction, has been attributed to a poisoning role of oxygen-containing species adsorbed on the Pt surface [2] [3] [4] [5] 37, 45, 57, 70, 71] .
In contrast, as recently highlighted [17] , the analysis of non-steady state LSVs reveals a different picture. Simple one-electron transfers, or overall n-electron processes with a first electron transfer as RDS [26] [27] [28] [29] [30] [31] [32] [33] [34] as typically accepted for the ORR [1, 9, 10, [14] [15] [16] 35, 36] , under transient conditions are characterized by current peaks, j p , proportional to √v, Eqns.
(7), regardless the electrode hydrodynamic condition, stationary or RDE [60] [61] [62] [63] [64] 67, 69] .
However, transient LSVs in Fig. 1 are characterized by current peaks, j p ORR , around ~ 0.7 to is shown in Figure 2A . This figure was calculated by considering the D O2 = 1.93x10 -5 cm 2 s;
C 0 O2 = 1.26 mM; and n = n a = 1. Besides, for the sake of comparison, theoretical curves for simple one, n = 1, and four, n = 4, fast and slow (α = 0.5) total electron transfers are also given. Note that the value of the normalized j p ORR at stationary electrodes is rather constant with v, and much lower than expected for a 4-electron transfer. Instead, at RDEs j p ORR strongly depends on v and ω, and after a threshold value of the scan rate is reached, current peaks practically become constant with v, but not ω, and lower than for a 4-electron transfer. (■), and after the potential was held at 1.02 V for 150 s before taking the LSV (ж) [17] (A).
Variation of the peak current function, Ψ p ORR , with v (σ > 10). Data were taken from background-subtracted, negative-going LSVs after conditioning the electrode and two subsequent CVs, as in Fig. 1 (B). Theoretical curves for simple reversible (dashed) and irreversible, α = 0.5, (dotted) charge transfers (n = 1 and 4), Ψ p 0 , and for E 1 CE 2 -(n =2) and
, in stationary electrodes are also given. Contrarily, according to Eqns. (7) for transient systems, a plot of normalized peak current density against the normalized square root of the scan rate, as the one in Fig. 2A , for a simple electron transfer reaction at stationary electrodes without any kinetic complication should follow a straight line, with a zero intercept (dashed lines in Fig. 2A ). The value of the slope of this plot depends on the reversibility degree of the charge transfer and it is given by the proportionality constant in Eqns. (7) For  < 10, the system is controlled either by convection or by mixed convectiondiffusion, and curves either lack of a current peak, i.e. S-shaped curves, or normalized current peaks are slightly larger than at stationary electrodes [61] [62] [63] [64] 67, 69] .
As previously discussed [17] , the constant value of j p ORR regardless v in Fig Additionally, it appears that the dynamic of the chemical reaction depends on ω, because a constant j p ORR regardless v is reached at smaller values of v at slow ω's.
The complex ORR dynamics just described is easily evidenced by presenting the data in terms of the current function, Ψ ORR , as a function of v Eqn. (8), at different rotation rates, as it is given in Figure 3 . From this graph, it is clear that the magnitude of Ψ ORR decreases at faster v, and this change also varies with ω. Curves were calculated by considering D O2 and C 0 O2 values given above, and n, and n a = 1. (12a) to (12c), giving rise to a soluble species with a lower diffusion coefficient than the reactant [17] . Note that the fact that this first chemical step is a surface reaction highlights the important electrocatalytic role of the surface, as suggest many year ago by Yeager [77, 78] . An initial chemical step, Eqn. (12a), in the ORR mechanism is also evidenced by the decrease in Ψ p ORR to values smaller than expected for a 1e -charge transfer in Fig. 2B , and the parallel disappearance of the peak current and the shift in E onset ORR to lower potentials at the fastest scan rates in Fig. 1A and Fig. 3 . conditions were similar to the ones employed for the C s fast E-mechanism just described above.
A chemical step after the first charge transfer
A clear difference concerning curves in Fig. 2A and Fig. 4A is the leveling in j p ORR 's at increasing scan rates in Fig. 2A , compared to the continuous increase in j p with √v in Figs. 4A, as expected from Eqn. Fig. 2B can be used to get a first approximation of the value of τ ½ during the ORR, by using the sweep rate at which Ψ p ORR has risen to half of its maximum value in [81] . If data at ω ≥ 1000 rpm are employed, when curves become practically independent of ω, the scan rate at which Ψ p ORR reaches the expected value for a transference of two electrons is between 12 to 20 V s -1 , depending on the degree of reversibility of the first charge transfer. The equivalent time constant for these scan rates is around 1 to 2 ms [26] , and so, τ ½ is ~1 to 2 ms for the chemical reaction represented by Eqn.
(12d). Nevertheless, within this criterion, it appears that τ ½ would depend on ω since at lower ω and stationary electrodes Ψ p ORR curves in Fig. 2B are shifted toward slower scan rates.
An species with a τ ½ of ~2 ms would diffuse an average distance of ~ 3 μm before reacting, calculated as √(2Dτ ½ ) [26] . This value would be outside the detection capability of a rotating ring disk electrode (RRDE) set up, for which a τ ½ of the order of 10 ms or larger has been predicted to be required if the existence of an intermediate is going to be demonstrated by the ring after a potential step [82] . Indeed, larger τ ½ times should be experimentally required, considering that digital simulations of RRDEs have evidenced a lack of response in the ring below 7 ms, and calculated typical transit times of ~ 30 ms at 1000 rpm for a rather narrow gap [26, 83, 84] . The transit time of a given RRDE set up is defined as the time required for an species to travel the gap from the outside of the disk to the inside edge of the ring [26, 83, 84] .
Instead, the presence of this intermediate could be detected by scanning electrochemical microscopy (SECM) experiments by using the substrate-generation/tip-collection mode. In this case, oxidation currents during the ORR at Pt(poly) have been already reported at the Pt ultramicroelectrode probe (UME) [85, 86] . For potential steps from a potential E i > E onset ORR to a potential in the mass-transport controlled region, oxidation currents are measured right after a step but only within the first 0.25 s, and at small distances from the surface, ~ 4 to 12 μm [85] . This result was interpreted in terms of H 2 O 2 production during the ORR, but it can also be compatible with the existence of a short-lived intermediate species.
Similarly, experimental conditions under high mass transport coefficients that allow the formation of thin diffusion layers smaller than 3 μm could be also useful to detect the participation of this species in the ORR mechanism. This is the case of working, for example, either with microelectrodes with diameters smaller than 5 μm [26, 42] , or with spare arrays of nanoparticles with a particle size small enough to achieve conditions equivalents to ω > 40000 rpm [87] [88] [89] [90] [91] [92] . In agreement, ORR studies at nanostructured Pt electrodes in acid [39] , and Pt microelectrodes in neutral and alkaline solutions [93] Analogous curves for a first fast charge transfer are given in Fig. S4C and S4D. From these curves, it is clear that the decrease in j p ORR 's at fast scan rates in Fig. 2 can be qualitatively well described by this mechanism, especially for curves at RDEs with ω ≥ 1000 rpm.
Here it is worth mentioning that the leveling in j p ORR 's in Fig. 2A could be, in principle, also described by a DISP-mechanism in which C in Eqn. (12d) undergoes a disproportionation reaction with B or with itself to partially regenerate the initial reagent, Z, as represented by Eqns. (12f) and (12g) [27, 30, 49, 51, 90] . If this were the case, similar simulated curves to those ones in Figs. 4C and 4D for an ECE-mechanism would be obtained for a DISP-mechanism if the chemical step is the RDS, a DISP1-mechanism [27, 30, 49, 51, 90] . Therefore, it would be not possible to differentiate between these two mechanisms from the experimental data in Fig. 1 . The possible occurrence of any of these mechanisms, together with the possibility that both mechanisms can simultaneously occur, is commonly referred in the literature as an E 1 CE 3 /DISP1-mechanism, to indicate the possibility that the second electron could be provided either by the electrode (E 1 CE 3 ) or by a homogeneous electron transfer of B, or C in the solution (DISP1).
Initial steps in the ORR on Pt surfaces
When a fast chemical reaction takes place before a charge transfer, the system dynamics at scan rates with an equivalent characteristic time larger than the timescale of the initial chemical reaction becomes the one dictated by the subsequent controlling steps. Accordingly, first steps in the ORR mechanism on Pt surfaces would follow a C s fast E 1 CE 3 scheme, Eqns. As it can be appreciated, curves in Figs. 4E and 4F and S4E and S4F qualitatively capture main features of experimental data given in Fig. 2, i. e. the dependence of j p ORR 's with ω and its levelling as v increases. This is especially true if it is considered that the first electron transfer is slow, as in simulations in Fig. 4F where Ψ p CsfastE1CE3 's at RDEs approach a value close to 2 at fast scan rates, as experimentally measured.
Nevertheless, some important characteristics cannot be still described by this mechanism.
The most noticeable difference being the faster experimental decrease in j p ORR 's at increasing v at stationary and rotation electrodes at slow ω (70 rpm) seen in Fig. 2 , relative to simulated curves in Figs. 4E and 4F. In addition, as it can be seen in Figure S5 , simulated curves of the RDEs to be similar to the ones experimentally measured at steady state conditions. This fact implies that there is still an important piece missing from the ORR mechanism in the picture described above. This contradictory situation can be brought together by considering the existence of competing, parallel reaction(s) besides the main C s fast E 1 CE 3 -mechanism. In this regard, it has been reported that the occurrence of chain processes in the diffusion layer because of the presence of additional parallel competing reactions inside a main ECE-mechanism may cause a faster current decay than the one found in a simple ECEscheme without this complication. This is the case, for example, of electrochemically induced chemical reactions [94] . This dynamics may appear when the product's redox couple has a standard potential positive to that of the reactant's redox couple, E Product 0 > E Reactant 0 , and it should be considered to occur always that a crossing between the positive-and negativegoing scans is measured in LSVs [94] .
In the case of the ORR at Pt surfaces, the condition Inside this view, by including the existence of parallel reactions in simulations a faster rate constant than 100 s -1 for Eqn. (12d) can be employed and it would give rise to both j lim 's comparable to the experimental ones and a faster decay in currents at increasing v than the one in Figs. 4C to 4F. Nevertheless, at this point the exact nature of these competing reactions it is unknown, and more work is still required to validate or reject this analysis. Here, it could be proposed as possible parallel competing reactions the disproportionation of HO 2 * radicals, Eqns. (4) and (5), and/or the oxidation of H 2 O 2 , Eqn. (-2), as previously suggested from a preliminary analysis [17] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Additional information regarding a reaction mechanism can be gained by analyzing the rate at which either the peak potential, E p , or the whole wave shifts along the potential axis as v and ω are changed [26] [27] [28] [29] [30] [31] [32] 49, [51] [52] [53] 90, 91] , as in Figure 5 . In this figure, because some voltammograms do not exhibit a peak but S-shaped curves, and in order to minimize the possible influence of the uncompensated resistance between the reference and the working electrodes, the half-peak, E p/2 , and half-wave E ω/2 were used instead of E p . As it has been validated before, the analysis of E p/2 and E ω/2 gives exactly the same information than the analysis of E p 's [26, 32] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 concentrations of O 2 at Pt(poly) have suggested a first order reaction relative to C 0 O2 as RDS, then a first-order chemical reaction would be the RDS [35, 45] . In contrast, E ω/2 ORR changes by ~-59.6 mV for a tenfold increase in ω, equivalent to a Tafel slope of ~-119.2 mV, as it is seen in inset to Fig. 5 , [26] , compatible with a first charge transfer as RDS, Eqn. (12c).
The difference in calculated Tafel slopes from changes in E p/2 ORR with log v and E ω/2
ORR
with ω is similar to the change in Tafel slopes at Pt(poly) reported by analyzing steady-state polarization curves at low and high current densities, as in Fig. S3A . In this case, the change in Tafel 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 charge transfer at RDEs [67] . Initially, the system is at steady-state, and it is controlled by the convection of species toward the surface but later, as v increases, it shifts to a diffusional control at transient conditions. Only in this later case, changes in E p/2 ORR are dictated by the reaction mechanism of the system under study [26] [27] [28] [29] [30] [31] [32] [33] [51] [52] [53] [54] .
Experimental ORR studies at RDEs have also reported a positive change of E ω/2 ORR with v, but, contrarily, results in those works were interpreted as consequence of an inhibiting role on the reaction of the amount of oxide formed on Pt surfaces [70, 71] , which also decreases upon increasing v [56, 68, 70, 71] . However, digital simulations in Figs. 5 and S5 confirm that the positive change of E ω/2 ORR with v before the appearance of the peak, indicative of diffusional control [61, 67, 69] , is more likely caused by a convective process under nonsteady state than because of an inhibiting role of O-containing species, a process not included on those simulations.
A proposed mechanism for the ORR on Pt surfaces
Despite insightful results discussed in the past section, a complete quantitative treatment of the electrochemical data to extract reliable kinetic parameters for the ORR on platinum surfaces cannot be realized yet, since some aspects are not fully understood so far.
Nevertheless, results allowed to identify the CECE structure of the first steps in the ORR mechanism and this enables to propose a possible set of initial reactions that fulfill the qualitative features exposed along the analysis.
Classically, investigations about the mechanism of the ORR have considered two main possible reaction schemes: the "dissociative" and the "associative" mechanisms. In the first case, the rupture of the O-O bond either precedes the reduction and protonation, or takes place in the first electron transfer, as in Eqn. (13) [11, 12, 74, [95] [96] [97] . In the second case, one (or two) reduction step(s) precedes the bond breaking, as in Eqns. (14) or (15) [9, 10, [14] [15] [16] [34] [35] [36] 96] . (13) 2,
2, The formation of the superoxide ion would be followed by its protonation and this step would be the second chemical reaction in the mechanism, Eqn. (12d), which can occur thought either a heterogeneous or a homogeneous reaction. Considering data in Table S1 , the homogeneous protonation is expected to be faster than the heterogeneous one, which agrees with theoretical calculations that have suggested that O 2 does not directly accept protons during reduction steps [97] . Thus, O 2 -ads would desorb and go to the solution, where it would be immediately protonated to HO 2 * , Eqn. (19) , and this step would be the RDS under diffusion controlled conditions, as discussed above.
It could be also possible however, that the first chemical step in the mechanism would be the production of HO 2 * ,ads , Eqn. (20) , and the concerted reduction of OH ads the first electrochemical step, Eqn. (17) . Next, the dissociation of HO 2 * ,ads into O ads and OH ads , or two OH ads , in a chemical reaction, Eqns. (21a) or (21b), would be the second chemical reaction in the mechanism, due to the instability of HO 2 * ,ads on the surface at high potentials [6, 100] . This step would be the RDS at high but not at low potentials, since HO 2 * ,ads dissociation strongly depends on the number of Pt free sites on the water, or H 2 O ads /OH ads , covered surface, relative to the bare electrode [101] , explaining the change in Tafel slopes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Theoretical calculations have shown that this step would only occur with a small barrier if there is one empty site on the surface, but barrierless if two empty sites are available [101] .
The nature of the second electrochemical step cannot be precisely known as it is located after the RDS and it would depend on which one of these two proposed mechanisms takes place during the ORR. In the first case, the subsequent reduction of HO 2 * , Eqn. (6) of involving an electrochemical step. But even if this is not the case, these reactions would be always possible competing reactions for the HO 2 * radical. Therefore, first steps in the ORR mechanism would be described by a CECE/DISP mechanism, and the participation extent of the ECE-and/or the DISP-schemes cannot be determined from data in Fig. 1 , because in that case the chemical reaction between the two charge transfers is the RDS.
However, an increase in the contribution of the DISP-scheme is expected to occur at increasing pH's [21] . [75] would also contribute to the reactivity of this metal. A simplified scheme for the reaction mechanism proposed to take place close to ORR reaction onset at Pt surfaces, is given in Figure 6 . (1-x)DISP ou Figure 6 . Simplified reaction mechanism proposed to occur close to ORR reaction onset at Pt surfaces.
From this proposed reaction scheme, it can be seen that surface platinum oxides not necessary would be inhibiting species, as commonly accepted [1] [2] [3] [4] [5] 9, 10, 45, 46, 70, 71, 105] .
Instead, the balance between OH ads /O ads species on the surface may determine the principal reaction occurring at the electrode, either reduction, oxidation, or surface catalyzed decompositions of HO 2 * , Eqns. (6), (22) to (25), and/or of H 2 O 2 , Eqns. (-2), (3) [75] , and (22) and (26) [106] [107] [108] [109] [110] . This dual dynamics of O-containing species can be the reason for differences in reduction currents between positive-and negative-going scans during the ORR in Fig. S3 , and the lack of current at E i > E onset ORR [17] . 
Unfortunately, from the current data, it is not possibly to distinguish between the reaction schemes proposed in Table 1 , and possible from others that could be formulated, which one could be the actual ORR mechanism, if indeed there is a single one. It is possible that more than one mechanism is operative and the dominant path changes from one to another depending on the potential, the coverage of O-containing species, among other. More work is still necessary in order to understand the molecular details of the ORR mechanism on Pt surfaces. However, results discussed above certainly give valuable information to accomplish this objective.
Finally, it is important to highlight that the fact that HO 2 * radical and H 2 O 2 would be always produced during the ORR on Pt would seriously influence the stability of Pt-based materials in fuel cell operando conditions, and it should be taken into account in the design of new materials. Accordingly, in order to improve the performance of ORR electrocatalysts, the search for better materials should focus not only in the enhancement of the electrocatalytic activity but, on the other side, in the development of strategies that allow minimizing the effects of HO 2 * radicals and H 2 O 2 in the durability of the cathode catalyst layers.
Besides, the combination of inner-and outer-sphere reactions in the global reaction path, proper balance between surface properties and reacting media. For example, the design of composites that can modify the extension of disproportionation equilibriums, Eqns. (4) and (5), could help to increase the reaction onset, as already reported by the use of ionic liquids in the catalytic layer [7] .
Conclusions
In this work, the oxygen reduction reaction on platinum surfaces has been characterized at different time scales and by employing diagnostic criteria for common reaction schemes and digital simulations that include chemical processes inside the mechanistic pathway.
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